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Introduction
Recent advances in microcomputer technology have allowed quantification of images collected from microscopic examination of biopsy samples (5,&?) . In contrast to physiological and biochemical studies, the methods used in morphometric analysis of tissue sections are often presented in abbreviated form. Since the processes of image capture and data transformation can alter the outcome of the measurements, a series of tests were performed to determine a reproducible method of measuring myofiber size with fluorescent probes.
When myosin localization is utilized for fiber type identification with antibodies and fluorescent markers, the boundaries of cells are often difficult or impossible to resolve. Since accurate determination ofthe cell boundary would provide the best area measurement, three different fluorescent probes were tested as boundary markers: (a) dystrophin, which is located in the cell membrane Correspondence ta William T. Stauber (16) .
Photographic images of myofibers stained for various markers were obtained from cross-sections ofrat soleus musde and subjected to repeated measurements of fiber areas at a number of different settings of illumination, gain, and black level. Measurement errors were calculated with respect to the parameters of image capture and analysis. From this experience, a technique was developed for fiber area measurements and was applied to control, atrophic, and hypertrophic soleus muscle samples.
Materials and Methods
Female Sprague-Dawley rat musde samples were selected for t h i s project. The use and care of the animals were approved by and followed the guidelines of the W e s t Virginia University Animal Cue and Use Committee. Three groups of muscles were used (a) control, contralateral muscles; (b) atrophic from 2-wcek hindlimb unloaded rats (23); and (c) hypertrophic from 2-week overloaded musdes, which resulted from cutting the tendon of the synergistic gastrocnemius musde (compensatory hypertrophy) (12) . The soleus musdcs were removed, weighed, and cut so that the midbelly portion ofthe musde was oriented for sectioning. The muscle samples were mounted, frozen, and sectioned at -2O' C at a thickness of 4-6 pm. The frozen sections were collected on glass slides, allowed to air-dry, and stored in airtight containers at -2O'C until usc.
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Localization of antigens was performed by standard techniques using fluorescein-labeled second antibodies for identification of fast myosin, dystrophin, and laminin. The antibodies were applied to the tissue sections after dilution with PBS, pH 7.4, for 30 min as follows: anti-fast myosin antibody (M-4276) (Sigma; St Louis, MO) 1400 dilution; anti-dystrophin antibody (MAB-1645) (Chemicon; Temrmla. CA) 1:20 dilution; anti-laminin antibody (AB-1901) (Chcmicon) 1:200 dilution. After a series of rinses with PBS, the appropriate second antibody (1:20 dilution) labeled with F I X (Chemicon) was incubated for 30 min. After a final wash with PBS, coverslips were applied to the slides.
Fluorescein-labeled ConA (FLlOOl) (Vector Labs; Burlingame. CA) was used to localize nonspecific glycoproteins rich in mannose residues such as those found in the extracellular space (16) . Fluorescein-labeled ConA at a 1:200 dilution in PBS was applied directly to the slides, rinsed in PBS, and covcnlips placed over the slides.
Areas of interest, free from artifact and representative of the entire sample, were selected from soleus muscle cross-sections. These areas contained benvten 50 and 100 myofiben when photographed at x40 magnification (9.11.14) . Since the soleus muscle of the rat contains 3000 fibers (10, 19) , the area photographed usually represented about 2% ofthe total fiber population. This sample is much larger than the typical sample for human muscle biopsies. which ranges between 200 fibers (1.5) and 400 fiben (8) out of a total of about 200,000 for the biceps brachii (1). 150.000 for the tibialis A anterior (20). and 350.000 for the vastus lateralis (15, 21) . The areas of interest were photographed with a Leitz Orthoplan fluorescence microscope at x 40 overall magnification.
A 35-mm color slide (Ektachrome 400) was made to provide a permanent record of the results (22) . The slide recorded a region of 875 x 575 pm from each soleus muscle section. The Ektachromc slides were placed over a variable fluorescent light source (Model B90; Imaging Research. St Catherines, Ontario, Canada) for illumination and a sheet of black cardboard was used to covcr the top of the light box to reduce all spurious light. The image was projected onto a video camera (Dage-MTI; Michigan City, IN) for entry into the microprocessor-controlled image detection system. The camera was fitted with a Vivitar 1:1.5-1:20/5O-mm adjustable macrolens and an Olympus 50-mm lens (fl.8-f16). Standardized lens settings were used for all operations. With the camera lenses at f4. the light box and gain settings were adjusted so that the bright area (non-myofiber) of the image was below saturation threshold. The black level was adjusted so that the darkest area (myofiber) within the image area was abovc the black threshold (i.e., luminance value of 30). The image was captured and frameaveraged (16 frames) using the Optimas image analysis program (Bioscan; Edmonds, WA).
The image from each Ektachromc color slide was initially stored as a "gray scale" image (18) . To differentiate myofibcr boundaries from the nonmuscle components and to separate any joined fiben. an edge-detecting Black Level Setting fiter (SharpenHI, IXS hture ofthe Optimas prognm) and a noise-reducing filter (Median 2%) were used. The few non-fiber areas that were devoid of fluorescence (i.e., black) were removed from the image (i.e., "painted white). Fiber areas were measured with threshold settings of low = 0 and high = 200. After defining a region of interest that included all whole myofibers in the cross-section, the Optimas program calculated the areas and exported the data to an Excel spreadsheet (Microsoft; Redmond, WA).
The system was calibrated with a 0.1-mm deep Hemacytometer (Brightline; American Optical, Buffalo, NY) . A digital image of the 1-mm area was captured and used to calibrate the software. This calibration was used in the measurement of all fiber areas.
Two different approaches were used to determine the effect of altered image illumination and camera operation (i.e., gain and black level) using the same slide. The first approach, the one-at-a-time design, varied one variable while keeping the other two Wiables foced. Each variable was tested at five levels. The second approach, the factorial-type design with two replications, varies the three variables simultaneously. Each variable was tested at two levels. Results of the replicated 2 x 2 x 2 factorial design were subjected to an analysis of variance (SAS Institute; Cary, NC).
To test the reproducibility of the technique, fiber areas from 10 35-mm Ektachrome slides of Cod-stained rat soleus muscles were measured twice by the same person. This testing required the entire set-up of light box, adjustment of video camera and lenses, and data capture, as well as all image transformation and data analysis steps, to be performed on two separate occasions. The variation for repeated measures, expressed as a coefficient of variance, was 3.6%, which was slightly better than that reported for planimetry (3.9%) at an object magnification of x 125 (3).
Since the areas of interest were selected from sections of soleus muscle viewed under the fluorescence microscope, each one was treated as a single experiment. Thus, for the four different slides with each stain, relative frequency distributions of fiber areas were calculated for each photograph along with the mean and median fiber areas. From these calculations, the standard deviation was computed and expressed as either a numerical value in the table or an error bar on the graph. Similar procedures were performed on the atrophic and hypertrophic muscle samples.
Results
The localization of myofibers with fluorescence markers that might serve to identlfy myofiber boundaries is shown in Figure 1 . With myosin antibodies, the fiber boundaries were not always clearly detectable (Figure 1A, arrowhead) . In contrast, all the other markers outlined the myofibers clearly with various levels of brightness. Using the image in Figure lD, fiber area cross-sectional measurements were made with various illumination, gain, and black level settings.
Over the range chosen for testing, variation in illumination and gain produced the greatest changes in fiber area (Figure 2 ). Analysis of variance was performed on the sem of data (Gable 1). All of the main effects and interactions, except for illumination x black level and illumination x gain x black level, were statistically significant. Overall, however, the analysis revealed that interactions between variables was of diminishing practical importance, as the overall effect was within 26% variation in fiber area.
Using settings that were in the midrange of the values studied, the fiber cross-sectional areas were determined from samples with three different stains (Table 1 ). In addition, relative frequency dis- tribution histograms were produced (Figure 3) . No significant differences were noted in the mean or median values. This technique was then applied to soleus muscles samples from overloaded and unloaded rat hindlimb muscles stained for ConA (digital representations in Figure 4 ). The fiber cross-sectional area measurements for these samples were calculated (liable 2), as well as the relative frequency distributions (Figure 5) . It was evident that the relative frequency distribution histograms best represented the fiber cross-sectional areas, as both large and small fibers appeared in the muscles from overloaded animals (Figure 4 ).
Discussion
A reproducible method for measurement ofmyofiber cross-sectionaJ area was developed for image analysis of previously photographed soleus muscle samples stained for fluorescence. The use of color film as the image source allows the preservation of the original sample and does not require operation of the image analysis system during visualization and evaluation of the biopsy specimen. Fur- thermore, fading due to loss of fluorescence is minimized so that repeated tests can be made on the same sample. In addition, the color slides can be used for further reference and black-and-white photographs produced for publication [e.g., Figure 1 (22) ) All stains that delineate the myofiber border gave similar results for mean and median fiber cross-sectional areas. The brighter stains seemed to result in slightly smaller fiber sizes if they were outside the cell and larger fiber sizes if they stained components inside the cell (e.g., myosin). These differences were not statistically significant and were all within the range of fiber sizes reported for soleus muscles from animals of similar size and sex.
Frequency distribution histograms of myofiber cross-sectional areas have been used to quantlfy the degree of atrophy and hypertrophy that can Occur in human muxle biopsy specimens from myopathic individuals (5,7). Using unloaded (hindlimb-suspended rats) and overloaded (rats with tenotomized muscles) muscles to produce atrophy (4.13) and hypertrophy (17), respectively, our technique proved effective in defining the myofiber distributions according to fiber cross-sectional areas, including the Occurrence of small regenerating or proliferating fibers. These small fibers seen in functionally overloaded muscles (17) can often be missed because of their small size (<50 p i 2 ) or apparently not counted as actual myofibers (13). However, in the present study these fibers were clearly discernible and cross-sectional area measurements could be made. Similar to the results reported on hypertrophy of the avian wing muscle (2) and human muscle from bodybuilders (I), the use of frequency distribution histograms revealed a population of small muscle fibers which would have been masked if only mean fiber cross-sectional areas were compared (Tkble 2).
In summary, computer-assisted analysis of myofiber crosssectional areas using 35-mm color slides offluorescence-stained samples was standardized to evaluate changes in muscle resulting from unloading and overloading. Using this technique, mean fiber area and frequency distribution histograms could be calculated for muscle samples stained with fluorescent probes such as FIX-labeled C o d lectin.
